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The constants of the protolytic equilibrium and the displacement of 
the frequency of the stretching vibrations of the hydroxy group of ~he- 
nol taking place under the influence of the formation of a hydrogen 
bone with the compounds studied have been measured for dibenzyl- 
ide~eacetone and dibenzylidenecycloalkanones (with five-, six-, and 
sex, en-.membered rings) and their furan and selenophene analogs. It 
has been shown that the screening of the earbonyl group of the ali- 
pbatic ring creates comiderable sterie hindrance for the solvation of 
the carbenium ions formed in an acid medium, as the result of which 
the constants of the protolytic equilibrium fall on passing from com- 
pounds with an open cl~ain to the cycloalkanone derivatives. The in- 
clusion of a carbonyl group in a five-membered aliphatic ring creates 
more favorable conditions for conjugation than exist in analogous com- 
pounds with an open chain and in those with six- and seven-membered 
rings, in consequence of which the capacity for forming a hydrogen 
bond changes in the corresponding sequence. 

In p r e c e d i n g  c o m m u n i c a t i o n s  [1 -3 ]  devoted  to the 
s tudy  of the  p r o t o n - a c c e p t i n g  c a p a c i t y  of cha l cone  and 
i t s  h e t e r o c y c l i c  ana logs  and v iny logs ,  the  h y p o t h e s i s  
was  put  f o r w a r d  tha t  in  s o m e  c a s e s  of s t e r i c  h i n d r a n c e  
the  so lva t ion  of the  c a r b e n i u m  ions  f o r m e d  in an ac id  
m e d i u m  p l a y s  a fundamen ta l  r o l e .  In view of  th i s ,  i t  
a p p e a r e d  of i n t e r e s t  to c o m p a r e  the  a c i d - b a s e  p r o p -  
e r t i e s  of d i b e n z y l i d e n e a c e t o n e  (I) and i t s  h e t e r o c y c l i c  
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Fig .  1. A b s o r p t i o n  c u r v e s  of 2 , 7 - d i -  
s e l e n i e n y l i d e n e c y l c o p e n t a n o n e  in s o l u -  
t ions  of s u l f u r i c  ac id  in g l a c i a l  a c e t i c  
ac id :  1) 5.89% H,~SO4; 2) 7.18% HzSO4; 
3) 10.38% HzSO4; 4) 13.25% H~SO4; 
5) 17.75% H2SO4; 6) 22.88% H2SO4; 
7) 32.3].% H2SOr 8) in g l a c i a l  a c e t i c  

ac id .  

a n a l o g s  (s wi th  the  p r o p e r t i e s  of  t h o s e  a , f~-un-  
s a t u r a t e d  k e t c h e s  in which  the  c a r b o n y I  g roup  i s  

* F o r  p r e c e d i n g  c o m m u n i c a t i o n ,  s e e  [1]o 

s c r e e n e d  by aHphat ic  r i n g s  of d i f f e r en t  s i z e s  of the  
type :  

/ ( C . ~ ) . \  
R--CHiC-- CO--C ~C~I--R, 

R = phenyl (V-VII), 2-furyl (VIII- 
X), and 2-selenienyl (XI-XIII), and 

n = 2, 3, 4 (see table). 

Since the  spec i f i c  so lva t ion  of c a r b e n i u m  ions  m u s t  
t ake  p l ace  m a i n l y  about a c o o r d i n a t i o n - u n s a t u r a t e d  
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Fig .  2. Log ([BH+]/[B])  as  a funct ion of 
-H0 for:  1) d i b e n z y l i d e n e a c e t o n e  (I) ; 
2) 2, 5 - d i b e n z y l i d e n e c y c l o p e n t a n o n e  (VI); 
3) 2, 6 - d i b e n z y l i d e n e c y c l o h e x a n o n e  ; 

4) d i f u r f u r y l i d e n e a c e t o n e  (II). 

c a r b e n i u m  a tom,  the  i n c l u s i o n  of  the  c a r b o n y l  g roup  
in  an a l i pha t i c  r ing ,  which  s c r e e n s  the  c a r b e r J u m  
a t o m  in  the  c o r r e s p o n d i n g  ions ,  m u s t  c r e a t e  s e r i o u s  
s t e r i c  h i n d r a n c e  to the  so lva t i on  of the  ionic  f o r m  of 
the  k e t o n e s .  However ,  t h i s  change  in  the  c h e m i c a l  
s t r u c t u r e  of c a r b o n y l  compounds  m u s t  ne c e s sa r i ] : y  
a f fec t  not  on ly  the  so lva t i on  e n e r g y  of the  i ons  but  
a l so  the  t r a n s f e r  of  e l e c t r o n i c  e f fec t s  in t h e s e  m o l e -  
c u l e s  [4]. Thus,  on p a s s i n g  f r o m  d i b e n z y l i d e n e a c e -  
tone  and i t s  ana logs  to the  c o r r e s p o n d i n g  c y c l o a l k a -  
none d e r i v a t i v e s ,  two f a c t o r s  a f fec t ing  the b a s i c i t y  
of  the  k e t c h e s  change :  so lva t ion  and e l e c t r o n i c  e f -  
f e c t s ,  m a i n l y  the  con juga t ion  e f fec t .  In o r d e r  to s tudy 
the  ac t i on  of e ach  of t h e m  ind iv idua l l y ,  we have  d e t e r -  
m i n e d  the  b a s i c i t y  of the  e a r b o n y l  compounds  by  two 
independen t  m e t h o d s :  a) s p e c t r o p h o t o m e t r i c a l l y  in  
s o l u t i o n s  of  100% su l fu r i c  ac id  in  g l a c i a l  a c e t i c  ac id ;  

h e r e  the  p r e d o m i n a n t  r o l e  i s  p l a y e d  by  the  so lva t i on  
e n e r g y  of the  m o l e c u l e s  wi th  i ons ;  and b) by  m e a s u r i n g  
the  d i s p l a c e m e n t  of the  c h a r a c t e r i s t i c  f r e q u e n c y  of  the  
v i b r a t i o n s  of  the  h y d r o x y  g roup  of phenol  in the  l i t  
s p e c t r a  ( A r c H )  [5 -7 ]  t a k i n g  p l a c e  under  the  inf luence  
of  the  p e r t u r b i n g  ac t ion  of a h y d r o g e n  bound f o r m e d  
wi th  the  c a r b o n y l  g r o u p s  of the  compounds  i n v e s t i -  
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Constants of the Protolytic Equilibrium K and Magnitudes of 
AVOH of the Compounds Studied 

Com- Name (K + AK) �9 10 s AVOH �9 cm -1 
pound 

I 
I I  

I I I  
IV 
V 

VI  
V I I  

V I I I  
IX 
X 

XI 
X I I  

X I I I  

Dibenzyl ideneacetone 
Difurfuryl ideneacetone 
Dithienyl ideneacetone 
Diselenienylideneacet one 
2 ,5-Dibenzyl idenecyclopent  anone 
2,6-Dibenzylidenecyclohexanone 
2,7-Dibenzylidenecyclohept anone 
2 ,5-Difurfuryl idenecyclopentanone 
2 ,6-Difurfuryl idenecyclohexanone 
2 7-Difurfuryl idenecycloheptanooe 
2,5-Diselenienyl idenecyclopent  anone * 
2,6-Diselenienylidenecy eloh exenone  
2 ,7-Diselenienyl idenecyclohept  anone 

2 2 0 -  + 10 

1010•  
1300"+- 100 

85_+4 
45--+ I 
7.6-+0.3 

780~+ 50 
32,0+_20 
1 8 6 + 5  

252_+3 
2 6 9 + 3  
2 5 6 + 3  
263 .+ 3 
2 7 4 •  
2 1 8 •  
2 1 6 + 2  
2 7 2 •  
2 3 4 •  
2 3 2 •  

*AvOH for the diselenienyl idenecycloalkanones could not  be measured because o f  their low 
solubility in carbon tetrachloride. 

gated. In the latter case, the influence of solvation 
factors  on the basicity of the ketones is reduced to 
a minimum. 

In measuring the constants of the protolytic equi- 
librium of the compounds under study, we encountered 
some complications. In spite of the fact that the ke- 
tones studied exist in the molecular  form in glacial 
acetic acid (the spectra of the acetic acid solutions 
are pract ical ly identical with those of their  solutions 
in ethanol), the absorption curves  in acetic acid do 
not, as a rule, pass through the isobestic point (Fig. 
1). An analogous phenomenon is observed at high 
concentrations of sulfuric acid (~30% and above) where 
pract ical ly constant protonation ("saturation") is 
reached for the major i ty  of the compounds studied. 
These facts can be explained by the change in the 
composition of the solvate cloud with a change in the 
solvent. In addition, the observed slight bathochromic 
shift of the absorption curves of the ketones when t h e  
concentration of sulfuric acid is increased may be 
connected with a marked change in the physical prop- 
ert ies of the medium on passing f rom glacial acetic 
acid with a low dielectric constant (s = 6.19) to its 
mixtures with sulfuric acid (eH2SO 1 = 115 [8]). 

In spite of the above-mentioned complications, the 
process  of protonation of the compounds studied is 
described sat isfactor i ly  over  a cer tain range of con- 
centrations by Hammett ' s  acidi ty  function H 0 = pK - 
- log [BH+]/[B]. This follows f rom a consideration of 
the dependence of log [BH+]/[B] on H0, which is ex- 
pressed  for the various substances studied by parallel 
straight lines with slopes approximating to unity (Fig. 
2), which shows that the protonation process  is de- 
scribed by the simplified equation: 

B + H + ~  BH + 

Exceptions are  compounds containing a furan r ing (for 
example, II and X) for which the corresponding slope 
considerably exceeds unity. It is  possible that in these 
compounds partial  protonation of the furan r ing takes 
place. 

A comparison of the constants of the protolyt ic  
equilibrium of dibenzylidene- and dise!enienylidene- 
acetones (I, IV) with the values of K for the c o r r e -  
sponding derivatives of cyelopentanone VI and XI shows 

that the inclusion of the carbonyl group in a f ive-mem- 
bered aliphatic ring leads to a considerable decrease 
in basicity (on an average by a factor of 2, see table). 

However, f rom the IR spec t ra fo r  I and V and for II 
and VIII it can be seen that the inclusion of the ca r -  
bonyl group in a f ive-membered aliphatic ring leads to 
an increase in AvOH and, consequently, to an increase 
in the basicity of the ketones. This undoubtedly is the 
result  of an increase in the electron density on the ox- 
ygen of the carbonyl group due to an increase in the 
degree of conjugation in the molecule, which is shown 
by the observed bathochromic shift in the electronic 
spectra  of the corresponding ketones [4]. The appar-  
ent inconsistency in the results  of the determination 
of the relative basicity of the compounds obtained by 
the two different methods must be ascribed to the fun- 
damental influence of solvation effects on the position 
of the protolytic equilibrium. 

It follows f rom a consideration of the conforma- 
tions of the cycloalkaues [9] that both on the fo rma-  
tion of a hydrogen bond and in the process  of protona- 
tion of the carbonyl group the approach of the reagents 
to the oxygen atom should not encounter s ter ic  hin L 
drance from the side of the ring atoms. However, so 
far  as concerns the s ter ic  effects arising in the solva- 
tion process ,  for carbenium ions it must be consider-  
ably grea ter  than for the corresponding molecules,  
since the carbenium carbon atom is screened by the 
aliphatic r ing to a g rea te r  extent than the oxygen atom 
of the carbonyl group around which the solvation of the 
molecular  form mainly takes place. On this basis it is 
possible to assume that in a number of the compounds 
studied the changes in the solvation energy Of the mol-  
ecules are  considerably smal ler  than the changes in 
the solvation energies of the corresponding ions, and 
to a certain approximation it is possible to take into 
account only the s ter ic  hindrance of the solvation of 
the carbenium ions. 

Thus, the  fact that the constants of the protolytic 
equilibrium of the ketones containing a f ive-membered 
aliphatic ring are lower than those of the correspond-  
ing compound with an open chain, while the opposite 
situation is found for AVOH, confirms the existence of 
s ter ic  hindrance to the solvation of the carbenium ions 
from the side of the aliphatic ring and its great  influ- 
ence on the position of the protolytic equilibrium. 
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With an i n c r e a s e  in the  s i ze  of the a l i pha t i c  r i n g ,  
i . e . ,  on p a s s i n g  f r o m  compounds  of the  cyc lopen tanone  
s e r i e s  to cyc lohexanone  and cyc lohep tanone  d e r i v a -  
t i v e s ,  a f u r t h e r  d e c r e a s e  in the cons tan t s  of p r o t o l y -  
t i c  e q u i l i b r i u m  is o b s e r v e d  ( c o m p a r e  V, VI, and VII,  
and XI, XII,  and XIII). A p a r t i c u l a r l y  s h a r p  fa l l  in the 
b a s i c i t y  is  found when the c a r b o n y l  group is  inc luded  in 
a s e v e n - m e m b e r e d  r i n g - - t e n -  to t h i r t y fo ld  as  c o m p a r e d  
with the c o r r e s p o n d i n g  ke tones  not  conta in ing  an a l i -  
pha t ic  r i ng  ( c o m p a r e  I and VII,  and IV and XIII). T h i s ,  
in our  opin ion ,  may  b e  connec ted  with  the  fac t  tha t ,  as  
has  been  shown [4], the  condi t ions  fo r  conjugat ion  in 
s i x - m e m b e r e d  and,  p a r t i c u l a r l y ,  s e v e n - m e m b e r e d  c y -  
e l i c  s y s t e m s  s h a r p l y  d e t e r i o r a t e ,  in v iew of which the 
e l e c t r o n  dens i t y  on the  oxygen a t o m  of the  ea rbony l  
g roup  and the p r o t o n - a c c e p t i n g  c a p a c i t y  of the  ke tones  
fa l l .  F u r t h e r m o r e ,  the  weaken ing  of the  conjugat ion  in 
the  m o l e c u l e s  and the  d e c r e a s e  in the  d e l o e a l i z a t i o n  of 
the pos i t i ve  c h a r g e  connec ted  with i t  mus t  l ead  to a f a l l  
in the  so lva t ion  e n e r g y  of c a r b o c a t i o n s  with s i x -  and 
s e v e n - m e m b e r e d  r i n g s  as  c o m p a r e d  with the ca t ions  
of the  eyc lopen tanone  d e r i v a t i v e s .  In the l a t t e r ,  the  
p o s i t i v e  c h a r g e  is l a r g e l y  d e l o c a l i z e d  o v e r  the  ca rbon  
a t o m s  of the a r o m a t i c  and h e t e r o e y c l i c  r i n g s  tha t  a r e  
not s c r e e n e d  by the  a l i pha t i e  r i ng ,  which  f a c i l i t a t e s  
so lva t ion .  It is  p o s s i b l e  tha t  the  s t e r i c  h i n d r a n c e  ~o 
the  so lva t ion  of the  c a r b e n i u m  ions of eye lohexanone  
and cye lohep tanone  d e r i v a t i v e s  a l so  a r i s e s  a s  a con-  
s equence  of the  e x i s t e n c e  of t h e s e  r i n g s  in nonp iana r  
c o n f o r m a t i o n s .  

F r o m  the sh i f t  in the  f r e q u e n c y  of the  s t r e t c h i n g  v i -  
b r a t i o n s  of the  h y d r o x y  group of phenol  on the  f o r m a -  
t ion of a hyd rogen  bond with the  ke tones  (AvOH), the  
cyc lohexanone  d e r i v a t i v e s  (VI and IX) and the e y c l o -  
pentanone  d e r i v a t i v e s  (Vii and X) have a c o n s i d e r a b l y  
l o w e r  b a s i e i t y  than d i b e n z y l i d e n e a c e t o n e  and i t s  ana -  
logs ,  which m a y  be  a s c r i b e d  to the  w o r s e n i n g  of the  
condi t ions  fo r  the  conjuga t ion  of the  c a r b o n y l  g roup  
with the  e x o c y c l i e  double  bonds .  M o r e o v e r ,  the e y c l o -  
hexanone  and cye lopen tanone  d e r i v a t i v e s  s c a r c e l y  d i f -  
f e r  f r o m  one ano the r  in t h e i r  c a p a c i t y  fo r  f o r m i n g  hy-  
d r o g e n  bonds ,  i . e . ,  in t h e i r  b a s i c i t y .  It would a p p e a r  
tha t  ke tones  with a s e v e n - m e m b e r e d  r i ng  shou ld ,  fo r  
the  r e a s o n  given above ,  have  a c o n s i d e r a b l y  l o w e r  b a -  
s i e i t y  than the  cyc lohexanone  d e r i v a t i v e s .  T h e r e  a r e  
a p p a r e n t l y  s o m e  add i t iona l  f a c t o r s  f avo r ing  an in -  
c r e a s e  in the  b a s i c i t y  of the  eyc lopen tanone  d e r i v a -  
t i v e s  as compared with the cyelohexanone series and 

leading to a leveling out of their basieities. These 

probably include, in the first place, a decrease in the 

Bayer strain, in consequence of which, as is well 

known, in the  c y c l o a l k a n o n e s  (C,~-C7) an i n c r e a s e  in 
the  d i m e n s i o n s  of the  r i n g s  l e a d s  to an i n c r e a s e  in b a -  
s i c i l y ,  both  a c c o r d i n g  to the  shi f t  in the  f r e q u e n c y  of 
the  v i b r a t i o n s  of the  O--D bond of d e u t e r i o m e t h a n o l  
when it f o r m s  a hyd rogen  bond with the  ke tones  [10] 
and a c c o r d i n g  to d e t e r m i n a t i o n s  of pKa  in c o n c e n t r a t e d  
s u l f u r i c  a c id  so lu t i ons  [11]. I t  i s  i n t e r e s t i n g  tha t  the  
d ipo le  m o m e n t s  of 2 , 6 - d i b e n z y l i d e n e c y l e o h e x a n o n e  and 

2 , 7 - d i b e n z y l i d e n e c y e l o h e p t a n o n e  tha t  we found,  the  
m a g n i t u d e s  of which a r e  d e t e r m i n e d  m a i n l y  by  the m o -  
men t  of the  c a r b o n y l  g roup ,  a r e  p r a c t i c a l l y  the  s a m e  

(3.09 D and 3.10 D, respectively), which shows the ap- 
proximate equality of the polarities of the C=O bonds 
in these compounds. For the heterocyclic analogs of 
dibenzylideneaeetone (1), if-IV, there is no steric hin- 
drance to the protonation of the carbonyl group and the 
solvation of the carbenium ions nor to the formation of 
a hydrogen bond from the side of the neighboring het- 
eroeyclic rings, and the effect of the field and, to a 
considerable extent, the induction influence of the het- 
eroatom are eliminated. A comparison of the con- 
stants of the protolytic equilibrium and the magnitude 
of AvOH for compounds I-IV shows that the sequence 
of changes in the positive dynamic effect of the conju- 
gation of five-membered heterocyclic radicals found 
previously (2-furyl > 2-selenienyl > 2-thienyl) [i, 6, 
12] is also observed in the heterocyclie analogs of di- 

benzylideneacetone. 
A comparison of the  basicity cons tan t s  and AvOH 

for dibenzylideneacetone (1) and chalcone [I, 2, 6, 12] 
(K = 6.2 x I0 -6, APOH = 206 cm-1), for difurfurylt- 

deneacetone (If) and 1,3-bis(2-furyl)propenone (AUOH = 
= 245 cm-t): for dithienylideneacetone (Ill) and 1,3- 

bis(2-~thienyl)propenone (K = 55 • 10 -5, APOH = 214 
eln-l), and for diselenienylideneaeetone (IV) and I, 3- 

bis(2-selenienyl)propenone (K --- 84 x 10 -5, AvON = 205 
cm -I) shows that the introduction of a vinyl group into 
the molecule of chaleone and its analogs between the 

earbonyl group and the aromatic or heterocyclie nu- 
cleus leads to an increase in the basicity by an aver- 

age f a c t o r  of 2 0 - 3 0  and to an i n c r e a s e  in AVOH a v e r -  
ag ing  4 0 - 5 0  c m  -1. Th is  o b s e r v a t i o n  c o n f i r m s  the con-  
c !us ion  tha t  we d r e w  p r e v i o u s l y  [31 c o n c e r n i n g  the in-  
e r e a s e  in b a s i e i t y  of c~ ,~-unsa tura ted  ke tones  with the  
in t roduc t ion  of a v iny lene  group.  

E X P E R I M E N T A L  

We prepared all the unsaturated ketones studied by methods de- 
scribed in the literature [4, 18-16] and carefully purified them by re- 

peated crystallization. 
The protolytic equilibrium constants were measured spectrophoto- 

metrically [2, 3] in solutions of sulfuric acid (100z/Q in glacial acetic 
acid at 23 i 2 ~ C in an SF-4 instrument. The method for preparing the 
solutions of the compounds studied for spectrophotometric investigation 
was modified somewhat. Weighted samples of the ketones (2-3 ms) 
were dissolved in 100 mi of glacial acetic acid and 2-ml portions of 
the solutions obtained were transferred by a pipette to 10-ml measur- 
ing flasks, after which solutions of sulfuric acid in glacial acetic acid 
(of definite concentration) were added up to the mark. The sulfuric 
acid contents of the solutions obtained were determined gravimetri- 
cally. 

The values of AvOH were measured in carbon tetracbloride solu- 
tions in an IKS-14 instrument, as described previously [6]. 
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